Oscillating Viscosity in a Lyotropic Lamellar Phase under Shear Flow
We report some time-dependent behavior of lyotropic lamellar phase under shear flow. At fixed stress, near a layering instability, the system presents an oscillating shear rate. We build up a new stress versus shear rate diagram that includes temporal behavior. This diagram is made of two distinct branches of stationary states which correspond, respectively, to disordered and ordered multilamellar vesicle phases. When increasing the shear stress, prior to the transition to the ordered structural state, sustained oscillations of the viscosity are recorded. They correspond to periodic structural change of the entire sample between a disordered and a ordered state of multilamellar vesicles. DOI The behavior of complex fluids under shear flow has been extensively studied using rheology [1] . In these experiments, the fluid is generally sheared between a fixed and a moving plate. Controlling the velocity of the moving plate, the force exerted on the fluid is measured (shear rate controlled) or imposing a force, the displacement of the plate is recorded (shear stress controlled). The macroscopic shear rate ᠨ g is defined as the ratio of the velocity over the gap and the shear stress s is defined as the macroscopic force divided by the surface. Assuming a homogeneous response of the system, characteristic flow curves (s as a function of ᠨ g) are drawn. By comparison with a Newtonian behavior, a viscosity is defined through the relation s h ᠨ g. Notice that this viscosity is thus extracted from two macroscopic quantities and is not easily related to the microscopic viscosity. For a non-Newtonian fluid, this macroscopic viscosity is a function of the shear rate h͑ ᠨ g͒ or of the shear stress h͑s͒, depending on the controlled parameter. In this paper, we will show that this macroscopic viscosity can display nonlinear behavior such as bistability and sustained temporal oscillations.
In addition to the fact that rheology characterizes a macroscopic response of the system, the interpretation of the rheological properties is made difficult by the coupling between structure and flow in complex fluids. In the past decade, the development of rheophysical tools (x-ray, neutron, and light scattering, but also dielectric measurements or NMR under shear) has allowed experimentalists to probe the fluid structure under flow [2] . From these structural studies under shear, we have learned that, in many systems, instabilities can develop at some critical shear rate or stress leading to a qualitative change of the fluid structure. These instabilities are different from classical hydrodynamic instabilities occurring in Newtonian fluids (i.e., Taylor instability) [3] . They involve mesoscopic scales (typically about a micron), they appear in homogeneous flow, and are thus characteristic of complex fluids. They may correspond to a phase transition existing at thermal equilibrium (such as the isotropic/nematic transition) [4] [5] [6] or to a textural change (nematics [7, 8] or smectics [9, 10] ). In the latter situation, the shear flow affects the density of defects and induces, in the case of lamellar phases, the formation of compact multilamellar vesicles [11] . Those shear effects may be summarized in a shear diagram that specifies the nature of the stationary states (texture or phase) observed for different shear rates (or shear stress). These states are separated by some dynamical transitions (i.e., the above-mentioned instabilities) and are most often described as a jump between two branches of steady states. Rheological experiments show that these transitions actually correspond to a discontinuity in the shear rate variable [6, [12] [13] [14] or in the stress variable [12, 15] . However, as emphasized in previous papers [12] , the fact that the complex fluid is sheared, and thus is maintained out of equilibrium, should lead to richer behavior than a simple jump between two stationary states. As for many other instabilities, we do expect, in certain cases, transitions to oscillating states and ultimately to chaotic dynamics. Very recently, it has been effectively proposed to use the theoretical framework of strange attractor to describe the experimental behavior observed in a living micelles system under shear flow [16] . In this Letter, we report the results on a lyotropic smectic system near what has been named a layering transition [17] . Sustained oscillations have been recorded and followed with both rheology and light scattering. The novelty of this work is to demonstrate that these large amplitude relaxation oscillations correspond to periodic structural changes of the entire sample between a disordered and an ordered state of multilamellar vesicles. We comment on the origin of those oscillations of viscosity and argue that they do not come from instabilities observed classically in Newtonian fluids.
Lyotropic lamellar phases have shown a richness of behavior under shear flow [2] . The texture of those systems is clearly modified by the flow. The spatial orientation of the lamellae changes as a function of the shear rate [2, 11] . Figure 1 presents the shear diagram for a lamellar phase composed of sodium dodecyl sulfate (SDS), octanol, and brine [17] ; this system shows several instabilities, among which is a transition between two states of onions (multilamellar spherulites) [11] spherulites do not exhibit long range order but only short range correlations such as in a liquid or a glassy state. State IV is an ordered state, where the onions are organized in hexagonal planes that flow over each other [17, 18] . The difference between these two states can be easily characterized by using light scattering. Figure 2 shows the small angle light scattering patterns of states II and IV. The modulation of the ring of scattering in Fig. 2(b) (state IV), as compared to the isotropic ring of the disordered state in Fig. 2 (a) (state II), is the signature of the long range correlations of the orientation of the hexagonal planes [17, 18] . This transition can be characterized by using rheology. Taking into account only stationary states, the stress/shear rate curve exhibits a jump in shear rate above a critical stress value s c [17] (Fig. 3) . This value is a function of both the temperature and the exact composition of the sample. Significantly below s c , the system is in the disordered state II [ Fig. 2(a) ]; significantly above this critical value, the system is in state IV [ Fig. 2(b) ].
In fact, if one studies carefully the rheological behavior of this system, one notices that the critical shear stress is hard to define because of the appearance of time-dependent behavior in the neighborhood of the transition. In the following, we will pay particular attention to the temporal variations of the shear rate which imply temporal evolution of the viscosity. We work on a sample corresponding to the following composition: 6.5% of SDS, 7.8% of octanol, and 85.6% of water with 20 g͞l of NaCl in weight fraction. The ex- periments are performed on a stress controlled rheometer (Carrimed CSL 100) using both a Mooney-type Couette and cone-plate cells. A homemade program is used to both control the approach and record the temporal evolution of the shear rate. As stated previously, the transition is very sensitive to both temperature and composition, including impurities. Consequently, for each new sample, the temperature has to be adapted to recover the transition at a given stress value. We impose a constant shear stress and record the shear rate as a function of time. The approach is done as adiabatically as possible in varying the shear stress by a very small amount and waiting for a long time (typically hours) between each data point. When increasing the shear stress, we observe the following dynamical scenario near the transition II(disordered onions)-IV(ordered onions). Far enough from the critical shear stress, we observe an exponentially rapid relaxation of the shear rate towards its asymptotic steady state value. When the shear stress becomes closer to s c , we record some damped oscillations on the shear rate signal [ Fig. 4(a) ]. Then, if one keeps increasing s, we witness the appearance of finite amplitude regular oscillations of the shear rate [ Fig. 4(b) ]. The period of these oscillations is rather large; for a given sample it can vary with the temperature from 700 s ͑T 28 ± C͒ at 2000 s ͑T 22 ± C͒ (Fig. 5 ). The amplitude of these oscillations covers the whole range between the two steady branches corresponding to state II and state IV. In order to check whether or not these relaxation oscillations do correspond to structural oscillations, we probe rheology and light scattering patterns in parallel using a transparent Couette cell setup on the rheometer. Figure 6 shows a series of pictures taken as a function of time simultaneously to the recorded oscillations of Fig. 4(d) [19] . We clearly see that the minimum of shear rate corresponds to the so-called disordered state (state II) and the maximum of the shear rate to the ordered state (state IV). In between, the modulation of the hexagonal pattern goes continuously from no contrast at all (state II) to a maximum of contrast (state IV). Looking at the entire cell in the vertical direction, no spatial inhomogeneities such as shear banding are observed during the oscillations (our setup does not allow us to investigate the possibility of a transient structuration within the gap). When further increasing s, one ultimately reaches the steady state IV branch. But, as shown in Fig. 3 , if one decides now to decrease s adiabatically, the system will asymptotically converges as a function of time to state IV and this even below s c . Indeed one observed some hysteresis phenomenon which FIG. 6. Light scattering images recorded during the experiment shown in Fig. 4(d) . Pictures are taken every two minutes. The lamellar phase is submitted to a constant shear stress ͑s 12.5 Pa͒ at temperature T 25 ± C. The correlation peaks appear and disappear periodically in time, in phase with the periodic increases and decreases of the shear rate [ Fig. 4(d) ]. The light scattering pattern is somehow deformed by the optical setup.
reveals the existence of a finite range of shear stress values over which both states II and IV coexist. This means that, for a given value of the shear stress, the system is bistable; it can be equally in two possible structural states of different viscosities.
The observation of oscillations in complex systems is not completely new; in recent works such behavior has been reported in dilute wormlike micelles solution [15] and in concentrated lamellar phase [20] under shear flow. The novelty of the present paper is that it brings the experimental demonstration that these oscillations of the macroscopic viscosity are clearly associated with two distinct structural steady states. They actually correspond to structural oscillations. The question persists, however, about the origin of these oscillations: Are they really due to the intrinsic physics of the transition or to a coupling with the mechanics of the rheometer? Since we could not rule out completely the last hypothesis, we checked many points so that we were as comfortable as possible with the first hypothesis. The time scale involved in the oscillations (typically 1000 s) is far from the characteristic times involved in the experimental setup (at this shear rate, a complete rotation of the rotor is performed in a time of the order of 10 s). Note that this time scale also excludes a simple stick-slip phenomenon. Moreover, we checked that this dynamical state does not depend upon the geometry we used or the inertia of the cell. Indeed, for a given temperature, we find the same behavior and the same period for the oscillations using a Couette cell or a cone plate. However, these periods are very sensitive to a small change of the temperature (a few degrees, as seen in Fig. 5 ) or of the composition of the sample. Consequently, we believe that these oscillations result from an out-of-equilibrium transition that can be described in the framework of bifurcation theory [21] . Let us mention that we also observe some apparently sustained oscillations when decreasing s from the ordered steady state IV. As shown in Fig. 4(c) , these oscillations look very irregular and are of small amplitude. With our present apparatus and according to our experimental protocol, there is no way in this case to decide whether these oscillations actually correspond to deterministic chaos issued from the destabilization of state IV or to some unrelaxed noisy behavior about state IV on the verge of criticality.
In conclusion, we reported in this Letter the experimental observation of structural bistability and of sustained structural relaxation oscillations in a lyotropic smectic system under shear. As previously experienced in a different context, namely, nonlinear chemical reactors [22, 23] , one can hope to use dynamical systems theory to understand the evolution of the dynamics that is likely to result from the interaction of a hysteresis bifurcation (which accounts for the phenomenon of bistability) and a Hopf bifurcation (which underlies the propensity of viscosity to oscillate). In future work, we will use the normal form approach [21, 23] as a guide for positioning our system in the parameter (e.g., temperature, composition) space, with the specific goal to identify and characterize the scenario leading to chaotic behavior of the macroscopic viscosity.
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